Abstract-This paper analyzes the bit-error rate performance of a dual transmission-multiple reception antenna system in conjunction with a rotated trellis-coded modulation scheme over Nakagami fading channels. A simple way to combine the exact calculation of the pairwise error event probability with the transfer function bounding techniques is described. This approach allows us to evaluate an extremely tight theoretical upper bound on the average bit-error probability. The parameters which dominate the performance of these transmission schemes on fading channels are extracted from this evaluation. Optimum adaptive and fixed-phase rotations have been calculated, showing that most of the power efficiency obtained by using the optimum adaptive-phase rotation can be retained by using the optimum fixed-phase rotation.
I. INTRODUCTION

I
N THE LAST few years, considerable attention has been devoted to the study of adequate transmission techniques for wireless mobile communication systems. On one hand, although trellis-coded modulation (TCM) was originally developed for telephone channels [1] , it has been considered a valid transmission scheme to mitigate the effect of multiplicative fading in mobile radio channels [2] - [13] . On the other hand, both reception-space diversity techniques [16] and transmission-space diversity techniques [17] , [18] provide a simple way to significantly improve the average bit-error rate (BER) performance of a communication system when transmitting through a fading propagation medium. Furthermore, in [13] , Jeličić et al. show that the diversity order of a TCM code can also be increased by using the principle of interleaving over coordinates (signal space diversity), introduced by Boullé et al. in [14] and further developed by Boutros et al. in [15] . The diversity order of a TCM code is the minimum number of distinct components between any two coded sequences. In other words, the diversity order is the minimum Hamming distance between any two codewords. As we will show in the following, a key point for optimizing the TCM diversity order is to apply certain rotation to a classical signal constellation, such as M-ary phase-shift keying (MPSK) or M-ary quadrature amplitude modulation (MQAM), in such a way that any two coded sequences achieve the maximum number of distinct components. A component interleaver/deinterleaver pair is required to assume that the in-phase and quadrature components of the received symbols are affected by independent fading. In this way, if we suppose that a deep fade hits only one of the components of the transmitted coded sequence, then it can be shown that an optimally rotated constellation offers more protection against the effects of noise.
In this paper, based on the analytical framework developed in [2] - [18] , the average BER performance of a dual transmission-multiple reception antenna system in conjunction with a rotated TCM scheme over Nakagami-fading channels is evaluated. We begin by describing a simple way to combine the exact calculation of the pairwise error event probability with the transfer function bounding techniques. This approach allows obtaining simple closed-form expressions for an extremely tight theoretical upper bound on the average bit-error probability. The design parameters which dominate the performance of these transmission schemes on fading channels are extracted from this evaluation. We then provide specific analytical and simulation results for a number of examples.
The paper is organized as follows. In Section II, the system models are outlined, including the channel model. Performance analysis is given in Section III, whereas numerical and simulation results showing the performance of the system over Nakagami-fading channels are discussed in Section IV. Finally, some concluding remarks are given in Section V.
II. SYSTEM MODELS
A. Transmitter Model
The system under consideration is shown in Fig. 1 . The source generates a sequence of binary digits at rate , which is encoded by a rate trellis encoder to produce a sequence of coded ( ) rotated complex symbols , with , where is a symbol of a bidimensional linear modulation, i.e., MPSK or MQAM, and represents the constant phase rotation of its signal constellation. The angle of rotation is a system parameter that must be known by both transmitter and receiver. The in-phase and quadrature components of each coded symbol are separated and passed to two independent interleavers to randomize the distribution of error bursts caused 0090-6778/02$17.00 © 2002 IEEE by the slowly varying fading process. This also forms the basis of the assumption that the in-phase and quadrature components of each symbol obtained after deinterleaving undergo independent fading. This assumption is crucial for the performance analysis developed later. Passing the complex code symbols through independent interleavers for in-phase and quadrature components yields complex symbols which do not belong to the original constellation. In particular for MPSK, the resulting symbols do not even have a constant envelope. Just considering as an integer representing the time delay between the and components (expressed in number of symbol periods) introduced by the interleaving, and forgetting the real delay introduced by the interleavers, the output sequence can be represented by , where . For convenience, we label the new sequence in the form where with and , it is easy to distinguish between the odd and even symbols in a symbol pair ( , ). The elements of are space-time encoded according to the transmission matrix [17] , [18] (1)
where each column represents a transmission antenna and each row a time slot. Thus, the sequences of space-time encoded symbols can be denoted by (2) The in-phase and quadrature components of these interleaved coded sequences are pulse shaped for no intersymbol interference (Nyquist's criterion), and then they are translated to radio frequencies for transmission over the channel from antennas and , respectively. The baseband equivalents of the transmitted signals are (3) where is the symbol period and represents the complex impulse response of the pulse-shaping filter. We normalize the energy of the pulse such that .
B. Channel Model
The transmitted signals are faded and corrupted by additive white Gaussian noise (AWGN) passing through fading channels. Assuming, in general, a branch reception diversity system, the baseband equivalent of the received signal on the th receiver ( ) can be expressed as (4) where represents the additive thermal noise at the receiver front end, modeled by a zero-mean complex Gaussian noise process with single-sided power spectral density and , , represents the multiplicative fading which affects the signal transmitted from antenna . In order to simplify the performance analysis of the system it is assumed, as an additional condition, that the fading is constant across two consecutive symbols, i. e., the symbol pairs ( , ), , are affected by the same fading. Then we can write (5)
C. Receiver Model
The received signal in each diversity branch is simultaneously passed to a matched filter and to an ideal channel estimator. Both outputs are sampled by an analog-to-digital (A/D) converter at time , where determines the sampling instant. Assuming a perfect clock recovery, , the output samples will correspond to the alternated odd and even transmitted symbols. For simplicity, we will distinguish between both kind of samples, i. e.
(6) where we have assumed slow fading and overall Nyquist impulse response at the matched-filter output. The parameters and denote, respectively, the odd and even thermal noise samples at the matched-filter output. Obviously, due to (5), the even and odd complex-valued channel fading samples are equal and can be represented by (7) 1) Diversity Combiner: After obtaining every pair of samples ( , ) and assuming an ideal channel estimation process (pilot symbols could be used for acquiring the necessary channel state information (CSI) at the receiver), the diversity combiner outputs the samples [17] (8) (9) where . It is interesting to observe that this combining scheme is different from the maximum ratio combiner (MRC). From (8) and (9), it is seen that presents a term related to the transmitted symbol , which is affected by a multiplicative fading and some noise terms. A key point is to notice that the odd sample and the even sample are only dependent on the odd symbol and the even symbol , respectively. Then, a sequence offers the same symbol ordering as the transmitted one . Once shown how the transmitted sequence is reproduced at the receiver, there is no further need to distinguish between even and odd symbols. Therefore, in what follows we will just use as the ordering subscript.
2) Decoding: After independently deinterleaving the in-phase and quadrature components of elements, a new sequence with the same symbol ordering as the original is obtained. The in-phase and quadrature components of any element of can be expressed as
where if odd if even.
Using these symbols, the Viterbi decoder detects the transmitted sequence based on maximum-likelihood sequence estimation (MLSE).
III. PERFORMANCE ANALYSIS
For a received sequence of length , namely , corresponding to any transmitted signal sequence , a maximum-likelihood (ML) decoder (usually implemented by a soft Viterbi algorithm) chooses the coded sequence for which the a posteriori probability is the largest. An upper bound on the average bit-error probability can be obtained as [4] (13) where denotes the number of information bits per symbol, represents the number of bit errors occurring when is transmitted and is chosen by the decoder, is the a priori probability of transmitting , is called the pairwise error probability, and is the length of the shortest error event. The pairwise error probability can be calculated as (14) where (15) and is the metric of sequence , given the observation of , assuming that represents the available side information. Whatever metric is selected, in order to simplify the decoder processing complexity, it is required to have an additive property where, for sequences of symbols, the total metric of the sequences is the sum of the metrics of each channel input and output pair of the sequence [6] , i.e.
(16)
A. ML Metric
By conditioning on the multidimensional fading process, , and on the transmitted signal sequence , the received sequence values, , can be modeled as complex Gaussian random variables. Then, the in-phase (10) and quadrature (11) components of are real-valued Gaussian random variables with means and variances given by (17) (18) where (19) Thus, the optimum ML decoding decision metric will be given by (20)
B. Pairwise Error Probability
After combining (20) with (15), the ML decision variable can be represented by (21) where (22) represent the on-axis normalized squared Euclidean distances, with . By conditioning on the transmitted signal sequence and the channel fading represented by , the decision variable is, thus, a Gaussian random variable with mean and variance given by (23) (24) respectively. Thus, the conditional pairwise error probability will be given by (25) In [19] , as a byproduct of the general results, J.W. Craig shows that the complementary error function can be expressed as which, in addition to the advantage of having finite integration limits, has its argument contained in the integrand rather than in the integration limits, and can be used to write (25) in product form as (27) where the in-phase component , the quadrature component , and . The unconditional pairwise error probability is obtained by averaging (27) over the probability density function (pdf) of . Since we have assumed that the interleaving/deinterleaving process makes the independent, then the average over can be computed as the product of averages. That is (28) where stands for the pdf of a random variable . The moment-generating function (MGF) of a random variable is defined as [20] (29) then (28) can be written in terms of the MGF of the random variable as
This expression can be easily evaluated to any degree of accuracy by several numerical integration methods. In particular, the change of variables enables us to use the Gauss-Chebyshev quadrature rules [21] , which have the advantage that their abscissas and weights admit a closed-form expression. In this way, after some algebraic manipulations, we obtain [7, Appendix] (31) for any positive integer , with
The Gauss-Chebyshev quadrature integration error as . In all the analytical results presented in this paper, a value of has been used.
C. Exact Union Bound on the BER Performance Over Nakagami Fading Channels
It is important to remark that the pairwise error expression in (31) is applicable for many different TCM schemes and many types of fading channels. In order to characterize a set of design parameters for rotated TCM codes over fading channels, we consider the average BER of these schemes on Nakagamifading channels as a performance measure. We use the Nakagami-distribution [22] , since it can represent a range of multipath channels via the parameter. Furthermore, the Nak-agami-distribution often gives the best fit to land-mobile [23] , as well as indoor-mobile [24] multipath propagation. Assuming independent and identically distributed (i.i.d.) Nakagami-fading channels between the transmission and reception antennas, and are the sum of squares of 2 independent Nakagami-random variables, and their MGF is then given by [25] (32) Thus, by inserting (32) into (31), the following expression for the union bound on the average bit-error probability is obtained as (33) where is defined by (34) and as . The remainder is the result of the remainders in the pairwise error probabilities, once they are replaced in the upper-bound expression. Remainder terms, and , are both negligible. As it is clearly shown, the diversity order of the rotated TCM system depends on the cardinality of , and the global BER performance is closely related to . Obviously, both parameters depend on the angle of rotation and thus, the key point to increase the TCM diversity order and the global BER performance of the system is to apply an optimal rotation to the MPSK or MQAM signal constellation.
D. Asymptotical BER Performance and Design Criteria
Expression (33) simplifies at high signal-to-noise ratios (SNRs) to (35) where (36) is the squared in-phase and quadrature product distance between symbols along the error event ( , ) and (37) is called the combined effective length of the error event ( , ), being and , respectively, the in-phase and quadrature effective lengths of that error event, i.e., the number of elements in and , respectively. Among all terms in (35), the ones with the smallest combined effective length and the smallest product distance dominate the average BER at high SNRs. Denoting by , the average BER is asymptotically approximated as (38) where . The parameter is called the combined effective length of the code. It is clear from (38) that three factors determine the performance of the scheme over Nakagami-fading. The first, and most significant, one is the combined effective length of the code . In fact, the asymptotic performance is inversely proportional to the (2 th power of the SNR. The second parameter affecting performance is the squared in-phase and quadrature product distance of error events with combined effective length . Finally, the third parameter affecting performance is , the number of bit errors occurring when the channel produces an error event with combined effective length . All these parameters can be controlled by properly applying code design rules [10] - [13] .
IV. RESULTS AND DISCUSSION
As an example, the rotated Jamali/Le-Ngoc four-state eight-phase-shift keying (PSK) trellis code shown in Fig. 2 is analyzed [11] . In the performance analysis of this code, the pair-state generalized transfer function bound combined with a pair-state reduction method has been applied. In order to simulate the Nakagami-fading, the model proposed by Yacoub et al. in [26] has been used. This fading model leads to a simple method to obtain the exact Nakagami-fading distribution for , with a nonzero integer number. Fig. 3 shows the BER performance of this code as a function of for , and with and as parameters. As can be seen, the BER performance of the system suffers important variations as the phase rotation angle is shifted from 0 to . The full margin of BER variation with as a function of for and with the channel fading severity as a parameter is illustrated in Fig. 4 . As could be expected, the higher the fading parameter , the less significant are the BER performance variations due to shifting. In fact, as tends to infinity, that is, as the channel tends to behave as an additive white Gaussian channel, the BER performance of the system tends to be independent of the phase rotation . The BER performance of the proposed scheme as a function of for and with and as parameters is illustrated in Fig. 5 . It is clearly shown that the BER performance of the system also undergoes important variations as the phase rotation angle is shifted from 0 to . The full margin of BER variation with as a function of for and with the number of diversity reception antennas as a parameter is presented in Fig. 6 . In this case, the higher the number of diversity reception antennas, the less significant are the BER performance variations due to shifting. In fact, as tends to infinity, that is, as the channel tends to behave as an AWGN channel, the BER performance of the system tends to be independent of the phase rotation .
A. Optimum Adaptive-Phase Rotation (OAPR) Versus Optimum Fixed-Phase Rotation (OFPR)
Using numerical techniques to perform minimization over the phase rotation in (33), the OAPRs that minimize the average BER of the proposed scheme, as a function of for 0.5, 1, and 5, and 1 and 3, are shown in Fig. 7 . It can be observed that for low values of the OAPR is either or . As increases, other OAPR values are obtained that depend on and .
As it has been shown, the OAPR angle could only be achieved by adapting to the actual values of channel fading severity and average SNR at the matched-filter output. However, in most applications, particularly in wireless communication systems, this could be a very difficult task. Then, instead of using an adaptive-phase rotation angle, in some practical systems, one may be interested in using a fixed-phase rotation angle that does not depend on the actual values of system parameters. In order to set a fixed-phase rotation angle, it is possible to use different criteria which give rise to different strategies. Based on the framework developed by G. Fedele in [27] the minimum cost strategy (MCS) is presented. In this strategy, the fixed-phase rotation angle is evaluated as the value that minimizes, for example, the cost function defined as the logarithm of the root mean-square error between the average BERs and (see also [8] ). That is
where is the OAPR at and , and represents the average BER of a reception antennas system evaluated at and with a phase-rotation angle . The cost function has been plotted in Fig. 8 for 1-5. It has been evaluated over the interval of average BERs , where , 1, 2, and over the interval of Nakagami-fading parameters . As can be seen from the graphs, the OFPR for the rotated Jamali/Le-Ngoc four-state 8PSK trellis code shown in Fig. 2 , evaluated over the interval of average BERs and over the interval of Nakagami-fading parameters , is equal to for and for . The BER performance of the OAPR and OFPR schemes for some values of and is shown in Fig. 9 . As can be seen, for high SNRs, varies as the inverse (2 )th power of . It can also be observed that most of the power efficiency gain obtained by using the OAPR can be retained by using the OFPR. In fact, in the range of interest, differences between OAPR and OFPR schemes can only be observed for high SNRs and low values of and .
V. CONCLUSION
In this paper, the BER performance of a dual transmissionmultiple reception antenna system in conjunction with a rotated TCM scheme over Nakagami fading channels has been analyzed. Based on the statistical properties of complex Gaussian random variables, a simple way to combine the exact analytical calculation of the pairwise error event probability with a reduced pair-state transfer function bounding technique has been described. This approach allows us to evaluate an extremely tight theoretical upper bound on the average bit-error probability. The parameters which dominate the performance of these transmission schemes on Nakagami-fading channels have been extracted from this evaluation. This has led to the conclusion that on channels with a small value of the Nakagami parameter , the combined effective length of the code, the squared in-phase and quadrature product distance along error events with this effective length are the main design criteria. The number of bit errors occurring when the channel produces an error event with the combined effective length of the code is also another important design parameter.
Optimum adaptive and fixed-phase rotations have been obtained, showing that most of the power efficiency obtained by using the OAPR can be retained by using the OFPR. It has been also shown that as the Nakagami-fading gets less severe or, equivalently, as the number of reception antennas gets higher, the sensitivity of the average BER to the phase-rotation angle decreases.
